2,2′-Dipyridyl diselenide (PySeSePy) is the catalyst or activator of choice for the direct reaction of carboxylic acids with azides and trimethylphosphine at room temperature. The mechanism of the process, which is not an aza-Wittig reaction, has been elucidated.
2,2′-Dipyridyl diselenide (PySeSePy) is the catalyst or activator of choice for the direct reaction of carboxylic acids with azides and trimethylphosphine at room temperature. The mechanism of the process, which is not an aza-Wittig reaction, has been elucidated.
In our search for the direct macrolactamization of ω-azido carboxylic acids, we discovered years ago 1 that carboxylic acids, organic azides, and tertiary phosphines reacted slowly in benzene or toluene to give carboxamides, N 2 , and phosphine oxide. Triphenylphosphine was soon replaced by Bu 3 P and by Et 3 P (Scheme 1), 1b which is even more reactive and practical because the water-soluble Et 3 PdO is easier to remove. 2 Since organic azides and phosphines give phosphatriazenes, 3 which at room temperature (rt) are converted to phosphazenes (Staudinger phosphazenes) 4 and N 2 , the rate-limiting step of our reaction must be the last one, that is, the collapse of the aminophosphonium carboxylates (RCOO -Et 3 P + NHR′) to RCONHR′ and Et 3 PdO. 1 We were aware later that Horner and Gross had carried out a related experiment: among series of reactions to prepare azides, phosphimines, isothiocyanates, and thioureas, they indicated that heating of Ph 3 PdNPh with benzoic acid in xylene gave PhCONHPh in 30% yield. 5 A few weeks before publication of our first paper, 1a Moody et al. 6 reported an intramolecular reaction of a (EtO) 3 P-generated phosphazene with an o-COOH group, in the context of aza-Wittig-type cyclization reactions, whereas a few weeks afterward Roberts et al. 7 reported similar results to our own with simple peptides. These authors are independent codiscoverers of the reaction. Later, Vilarrasa et al. 8 ) have several "fathers" apart from our own research group. While some researchers 16 name the general process RCO-LG + R 3 P + N 3 R the Staudinger-Vilarrasa reaction (henceforward, S-V reaction or S-V peptide ligation), 17 other authors refer to these reactions as particular cases of "aza-Wittig" processes.
4c-f
We report the first catalytic version of the S-V reaction. It may be related to the classical Mukaiyama reaction of 2-pyridyl
(1) (a) Garcia, J.; Urpí, F.; Vilarrasa, J. Tetrahedron Lett. 1984, 25, 4841 (12 simple amides, pyrrolidin-2-one, Z-Ile-Val-NHR, Ac-Sar-Gly-OEt, and Z-IleIle-Gly-OEt were prepared 18 which is a standard in the peptide field and has been used in macrolactonization reactions;
19 C-terminal thioesters are key in many approaches to the synthesis of proteins and glyco-conjugates, 20 so we shall not discuss this type of carboxyl activation. The advantages of operating with the N 3 group (as an amino protecting group) are clear 4k,8,9,11,16 and will not be discussed either.
Our purpose was to identify appropriate catalysts and solvents for reactions such as those depicted in Tables 1 and 2 . Me 3 P (1 equiv; commercially available in toluene or THF solutions) was added to convert the N 3 group to a Me 3 PdN group, while an additional 0.3-1.4 equiv of Me 3 P and an additive were required to activate the carboxyl group. With hindered carboxylic acids we used 2.4 equiv of Me 3 P overall.
The rate of the direct reaction of Boc-Phe-OH, Me 3 P, and N 3 CH 2 COOEt (entry 1 of Table 1 ) increased significantly when 0.2 equiv of 2,2′-dipyridyl disulfide (PySSPy, entry 5) or 2,2′-dipyridyl diselenide (PySeSePy, entry 6) was added. PySeSePy appeared to be the catalyst or activator of choice also with isobutyric acid instead of Boc-Phe-OH or when ethyl azidoacetate was replaced by benzyl azide (results not included for the sake of simplification). Among the solvents (Table 2) , we confirmed 1 that toluene (entry 6) was the best solvent. The 1:1 DMF-toluene mixture (entry 5) was as efficient as toluene for substrates such as those of Table 2 , but for more hindered cases toluene alone was better. When linear carboxylic acids were used instead of the R-branched examples of Tables 1 and 2 , the reactions were always much more rapid but the final yields of the desired amides dropped significantly with PhSSPh or PhSeSePh and moderately when the additive was PySSPy; this was due to the appearance of byproducts (see below). Again, the highest amide yields were obtained with PySeSePy.
On the basis of these results, we carried out the reactions of Table 3 , with 240 mol % of Me 3 P and 20 mol % of PySeSePy. The simplest amides (entries 1-5) were obtained in 90-100% yields within 2 h; indeed, in these cases the amide yields were practically quantitative even with only 130-150 mol % of Me 3 P and 20 mol % of PySeSePy, in 3-4 h at rt.
When one of the reaction partners contained R-branched chains (entries 6-9 of Table 3, substrates of Tables 1 and 2) , longer reaction times were required to complete the conversion. As usual, reaction times could be shortened by (i) increasing the amount of PySeSePy (footnote b of Tetrahedron Lett. 1995, 36, 8857. (14) The reaction of RCOOH, N 3 R′, PhSeSePh, and Bu 3 P was reported under conditionssnearly equimolar amounts of substrates and reagentssin which PhSeH was assumed to reduce the azide to amine (phosphazenes were not involved a To 1.0 mmol of isobutyric acid, 1.0 mmol of benzyl azide, and 0.2 mmol of PySeSePy in 2.4 mL of the "first" solvent were added 2.4 mL of 1 M toluene (THF in entry 4) solutions of Me 3 P under N 2 .
phosphazenes (such as that arising from the azido derivative of Val-OEt) was very slow under our standard conditions. In such cases (when both partners were R-branched), we also observed the racemization of the stereocenter R to the carboxylic acid moiety. Likely, the reaction was so slow that it allowed the corresponding phosphazene to act as a base. The racemization of Boc-Phe-SePy may occur via standard enolization, by oxazolone formation, or through a ketene intermediate. 21 Therefore, a catalytic protocol cannot be applied to these cases. For the formation of peptide bonds without epimerization from two crowded substrates, we recommend our stoichiometric procedure (Boc-NHCHRCO-LG + N 3 CHR′COOEt, toluene, 0-5°C, addition of Me 3 P or Bu 3 P) 4k or those of refs 15 and 16.
To gain insight into the key mechanistic steps, we followed by 1 H NMR spectroscopy, in toluene/C 6 D 6 at rt, the reactions of Me 3 PdNCH 2 Ph with PhCOSePh, PhCH(OTBS)COSPh,
22
PhCH 2 CH 2 COSePy, and CH 3 (CH 2 ) 16 COSePy. 23 All reactants were prepared separately and mixed in NMR tubes under N 2 , and the spectra were registered at rt every 10 min. The signals of the initial intermediates, corresponding to the expected "Nphosphonium species" (see N-P in Scheme 2 as an example), were maintained. We did not detect other intermediates. In other words, C(XAr)dNCH 2 Ph moieties coming from aza-Wittig reactions between the COXAr groups and Me 3 PdNCH 2 Ph were not observed; the direct loss of Me 3 PdO if moisture and acid were avoided was not observed either. In the last two experiments (RCH 2 COSePy cases), only a very slow appearance of other phosphonium species was detected, characterized by 1 H and 31 P NMR as "C-phosphonium species" (C-P, see the Supporting Information).
The formation of C-phosphonium salts PhCH(PPh 3 + Cl -)-CONHCH 2 R in reactions of PhCH 2 COCl with Ph 3 PdNCH 2 R was first reported by Molina, Alajarín, et al. 10e These anomalous reactions, which are sometimes very rapid and give relatively stable C-P derivatives that are not cleaved readily to the desired amides, were re-examined by us 8d with PhCH 2 COCl or PhCH 2 COOCOAr vs Bu 3 PdNCH 2 Ph, confirming the results of our colleagues. 10e,24 When the reaction of Me 3 PdNCH 2 Ph and CH 3 (CH 2 ) 16 -COSePy was repeated with other thio-and selenoesters of stearic acid, the rearrangements from the N-P to C-P intermediates took place more quickly. Spectra at different reaction times are given as Supporting Information. The conversion of RCH 2 CON(PMe 3 XAr)CH 2 Ph to RCH(PMe 3 XAr)CONHCH 2 Ph followed an increasing order for XAr equal to SePy , SPy < SePh , SPh
In other words, RCH 2 COSePy gave rise to lower amounts of C-P byproducts than RCH 2 COSPy, RCH 2 COSePh, and (21) Under the standard conditions of Table 3 , the reaction of (S)-PhCH(OTBS)COOH and Me 3 PdNCH 2 Ph also stopped quickly, and the yield of the corresponding amide was poor. With stoichiometric amounts of PySeSePy, a 52% yield of the amide was isolated after 2 h, but 15% of racemization had already taken place. The acidity of the CH proton (now R to COXAr and Ph) and the phosphazene basicity make easy this racemization. b This reaction was carried out using 100 mol % of PySeSePy.
c The anomer predominated (R/ , 1/10); we think that the re-equilibration of anomers occurs at the N-phosphonium intermediate stage (see below).
d At 100°C in a MW reactor. SCHEME 2. Plausible Mechanism of the Reaction of RCH 2 COOH with Azides, Me 3 P, and ArXXAr a a ArXXAr ) PhSSPh, PhSeSePh, PySSPy, or PySeSePy.
RCH 2 COSPh. This explains why the final yields were excellent in the RCH 2 COSePy cases (that is, with PySeSePy as the activator), but often poor (with SPh and SePh derivatives) or moderate to good (with SPy derivatives) even at longer reaction times.
Thus, these N-P to C-P rearrangements appear to be more general than we had previously believed. 8d The PR 3 + or PR 3 XAr groups migrate from the N atoms to the RCH 2 CO methylene carbon atomssthe more acidic these methylene protons, the faster the rearrangementsdepending on the temperature, medium polarity, and mainly presence of bases (for example, of a relative excess of phosphazene). On the other hand, there was no migration of PR 3 XAr from the N atom to the more crowded RR′CHCO methine carbon atoms in the cases we examined. Such a migration is impossible in the PhCOOH derivatives.
Under our catalytic conditions, the carboxylic acids (relatively in excess save at the end) can cleave the initial N-PMe 3 SePy species as soon as they are formed. We noted that in the model reaction, followed by NMR, of CH 3 (CH 2 ) 16 COSePy and Me 3 PdNCH 2 Ph, addition of the starting carboxylic acid had a positive effect (much more significant than the addition of 2-selenopyridone), as the amide appeared immediately. Taking into account the data currently available, a plausible mechanism for the reaction of azides, Me 3 P, and ArXXAr with RCH 2 COOHsthe "simplest" acids but the "most complex" since, as indicated, N-P to C-P rearrangements may take placesis summarized in Scheme 2. ArXXAr behave as activators rather than true catalysts.
In conclusion, a catalytic variant of the coupling reaction of Staudinger phosphazenes with carboxyl groups is described here for the first time. It is based on mild in situ activation of COOH as COSePy groups (which overcome COSPy, COSePh, and COSPh). Mechanistically, it is not an aza-Wittig process, a term that should be confined to the reactions of phosphazenes with aldehydes and ketones unless otherwise is demonstrated. The Masriera reaction, 10a for historical reasons, or the S-V reaction 16, 17 are more appropriate names for the ligation of azides and carboxylic acid derivatives. The quick reaction of the intermediate N-PMe 3 SePy species with the remaining carboxylic acid, which generates the amide and more selenoester, is key for the success of this catalytic version. For RCH 2 COOH, the use of PySeSePy has the additional advantage that a side reaction, the rearrangement of the N-phosphonium species [RCH 2 CON(PMe 3 XAr)R′, prone to turnover] to the relatively more stable C-phosphonium species [RCH(PMe 3 X)-CONHR′, not prone to turnover] hardly takes place, in contrast with the other additives. The background for improved ligation procedures has been established.
Experimental Section
Typical Procedure. A commercially available solution of Me 3 P (1.0 M in toluene, 2.40 mL, 2.4 mmol) was added to a mixture of carboxylic acid (1.0 mmol), azide (1.0 mmol), and 2,2′-dipyridyl diselenide (PySeSePy, 63 mg, 0.20 mmol) at 0°C under nitrogen. A few minutes later, when no more nitrogen bubbles were observed, the ice bath was removed and the reaction was stirred at room temperature for 2 h. Then, water (1 mL) was added and the mixture was stirred for 10 min. The mixture was diluted with an excess of CH 2 Cl 2 and rinsed with aqueous NaHCO 3 , cold 1 M HCl (to remove yellow 2-selenopyridone and 2,2′-dipyridyl diselenide), and finally water. The organic phase was dried (MgSO 4 ), filtered, and concentrated to dryness. The crude amide or peptide was purified by flash chromatography on silica gel; the elution conditions are indicated in each case (Supporting Information). With hindered substrates it was necessary to increase the reaction times, the catalyst loading, or the temperature, as indicated in the main text.
